We propose and demonstrate the fabrication of flexible, freestanding films of InP/ZnS quantum dots (QDs) using fatty acid ligands across very large areas (greater than 50 cm × 50 cm), which have been developed for remote phosphor applications in solid-state lighting. Embedded in a poly(methyl methacrylate) matrix, although the formation of stand−alone films using other QDs commonly capped with trioctylphosphine oxide (TOPO) and oleic acid is not efficient, employing myristic acid as ligand in the synthesis of these QDs, which imparts a strongly hydrophobic character to the thin film, enables film formation and ease of removal even on surprisingly large areas, thereby avoiding the need for ligand exchange. When pumped by a blue LED, these Cd-free QD films allow for high color rendering, warm white light generation with a color rendering index of 89.30 and a correlated color temperature of 2298 K. In the composite film, the temperature-dependent emission kinetics and energy transfer dynamics among different-sized InP/ZnS QDs are investigated and a model is proposed. High levels of energy transfer efficiency (up to 80%) and strong donor lifetime modification (from 18 to 4 ns) are achieved. The suppression of the nonradiative channels is observed when the hybrid film is cooled to cryogenic temperatures. The lifetime changes of the donor and acceptor InP/ZnS QDs in the film as a result of the energy transfer are explained well by our theoretical model based on the exciton−exciton interactions among the dots and are in excellent agreement with the experimental results. The understanding of these excitonic interactions is essential to facilitate improvements in the fabrication of photometrically high quality nanophosphors. The ability to make such large-area, flexible, freestanding Cd-free QD films pave the way for environmentally friendly phosphor applications including flexible, surfaceemitting light engines.
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Considering recent extensive research activities on large-area flexible electronics, 10 the implementation of QD-based largearea systems is highly desirable for use in matching large-area optoelectronic devices including light engines, displays, photovoltaics, and sensors. For this purpose, Tetsuka et al. reported flexible clay films of Cd-containing QDs. 11 In their study, although the proposed procedure was an interesting one, the films were small in size and required ligand exchange of the quantum dots and preparation of the clay suspension. In another study, Neves et al., 8 flexible films containing CdSe/ZnS QDs within a sol−gel matrix were developed that were in the size range of a few centimeters. Previously, Zhang and colleagues also studied the use of functional polymers together with CdTe QDs for the formation of different geometrical shapes. 7 Their work further demonstrated the preparation of microspheres of QD-containing composites. However, again the resulting film sizes were limited. Although these previous reports have provided new techniques for the formation of QD−polymer composites, the literature is lacking a demonstration of freestanding QD solids of large area. Furthermore, from the ecological point of view, the use of Cd-free QDs such as those based on InP to enable eco-friendly applications to surpass the dominating Cd-based QD research activities is a hot topic.
Today while the research on Cd-based colloidal QDs (e.g., CdSe, CdTe, CdSe/CdS, and CdSe/ZnS) is quite mature with respect to their synthesis and applications, 12−18 recent research on In-based QDs has mainly focused on the synthesis methodology and understanding of the growth mechanisms and crystal structure of these materials. 19−25 Moreover, the use of In-based QDs for various applications has not been investigated except for a few reports that discuss lasing possibilities and imaging of cells.
26, 27 Here we propose the use and demonstrate the manufacture of flexible, stand−alone, very large-area films of InP/ZnS QDs that hold the promise for high-end device applications. We study the emission kinetics and nonradiative energy transfer in the films and show highquality white light generation by placing these films over a blue LED platform for remote phosphor applications.
Results and Discussion. In this work, InP/ZnS QDs are synthesized with fatty acid ligands in order to avoid the need for ligand exchange in the subsequent film formation process. The ligand, myristic acid, employed for the synthesis of these QDs, is a fatty acid that provides a good hydrophobic surface when incorporated into poly(methyl methacrylate) (PMMA) (see Supporting Information). This does not happen with Cdcontaining QDs to the desired extent to enable one to achieve large-area stand−alone QD films. The InP/ZnS QDs dissolved in PMMA can be easily peeled off from the substrate after the solvent has fully evaporated (see Figure 1 ). Negative control experiments were performed using PMMA alone and also PMMA mixed with trioctylphosphine oxide (TOPO) and oleic acid capped QDs under the same conditions as the InP-based QDs. In these control experiments, even with such hydrophobic ligands it was found that neither of these films allowed for an easy peeling-off process that is required for the formation of uniform large-area freestanding films. The large-area, uniform film formation associated with the myristic acid capped InP/ZnS QDs is a unique property, which opportunely enables large-area device applications.
In order to study the homogeneity and optical quality of the produced films, transmission electron microscopy (TEM) studies of slides prepared by microtome cross-sectional cutting of the QD loaded PMMA composites were undertaken. The details of the preparation of the microtome samples are given in Methods. The TEM images taken at various positions of the sample demonstrate the uniformity of the QDs dispersed within the host PMMA (see Figure 2) . Furthermore, absorption measurements at various positions of the sample also verify the uniformity of the films, as presented in Figure S4 in the Supporting Information.
To characterize the elemental composition of the QD composite film, we undertook X-ray photoelectron spectroscopy (XPS) experiments. The high-resolution carbon 1s and oxygen 1s spectra are shown for the PMMA polymer, InP/ZnS QDs and the QD-PMMA composite in Figure 3 . For PMMA, the C 1s spectra are resolved into three components with different bonding states: C−C at 285.0 eV, O−CH 3 at 286.5 eV, and O−CO at 288.9 eV. O 1s spectra of the PMMA polymer consist of two components: CO at 532.1 eV and C−O−C at 533.6 eV. The atomic percentage of the peaks are C−C (51.49%), O−CH 3 (15.12%), O−CO (11.18%), C O (9.79%), and C−O−C (12.42%), the distribution of which is common for standard XPS spectra of the PMMA. 28 Highresolution C 1s and O 1s spectra of QDs (due to ligands) show single peaks at 285.0 and 532.1 eV, respectively. The C 1s spectra of the composite PMMA-QD film are also resolved into three components and the O 1s spectra into two components, similar to pure PMMA. Here we observe modifications in the atomic percentages of the peaks in the composite verifying the incorporation of QDs in the composite. The atomic percentage of the peaks are C−C (58.58%), O−CH 3 (11.03%), O−CO (5.26%), CO (22.29%), and C−O−C (2.84%). We also observe a large decrease in the intensity of the C 1s peak of the pure QDs in the composite, which also suggests a change in the microenvironment of the QDs in the composite. This is further confirmed by the shift in the QD elemental peaks (0.3 eV) in the composites compared to the pure QDs (see Supporting Information). 29 The XPS results therefore support the notion that the QDs and PMMA form a composite structure.
To investigate the emission kinetics of the InP/ZnS QD films, we have studied Forster-type nonradiative energy transfer (FRET) within the film. The use of QDs as energy transfer agents for FRET-based applications has been previously studied extensively for other material systems with the view to developing new platforms for light generation and harvesting. 30−33 Although, such FRET-based systems have also been widely used in conjunction with dyes, proteins, and other nanostructured materials including quantum wells, quantum wires, and quantum dots, 34−41 FRET-based systems of QDpolymer composites for such free-standing forms have not been studied to date, which would introduce a new channel from the light generation and harvesting application point of view. In particular, our previous study demonstrated a possibility of efficient tuning of color coordinates of QDs/polymer composites via controllable FRET.
18 Figure 4 shows the emission and absorption spectra of green-emitting (donor) and red-emitting (acceptor) InP/ZnS QDs in solution together with their transmission electron microscopy (TEM) image in the inset. The diameter of these donor and acceptor QDs are observed from the TEM images to be ∼2.4 and 2.8 nm, respectively. The acceptor QDs have been chosen to emit around 100 nm further to the red of the donor emission peak to prevent the emission overlap to a good extent and study their emission kinetics and the energy transfer between them.
The effect of the acceptor on the donor emission kinetics was studied by comparing the time-resolved photoluminescence (TRPL) decay profile of the bare donor QD containing film with the donor−acceptor QD film (with both samples having the same donor concentration) (see Supporting Information Figure S8 ). In the film, the peak emission wavelengths of the donor and acceptor QDs are 490 and 590 nm, respectively, and are therefore spectrally well-separated from each other (see also Figure 6 ), making the time-resolved analysis viable. The temperature dependence of the time-resolved fluorescence for each species of interest was also investigated and the decay curves were fit using a triexponential fitting function. The requirement for the use of triexponential functions for the fitting is due to the nontrivial emission kinetics of the InP/ZnS quantum dots. In various QD samples, the monoexponential decay originates mainly from radiative decay channels and one would expect this type of decay from high-quality QDs, that is, QDs that are mostly free of defects and surface trap states. In other words, the main contribution to the emission decay is the radiative recombination rate. On the other hand, a multiexponential decay stems from the presence of nonradiative channels that are associated with energy transfer, Auger recombination/relaxation processes, and possibly defects and surface traps. Thus, the main contribution to the emission decay is from the nonradiative recombination rates. In such cases, the amplitude-weighted average lifetime gives a good estimate for the exciton lifetime, as has been suggested for the FRET-mediated lifetime modifications. 42 The fitting parameters for the amplitude weighted lifetime for the donor and acceptor before and after FRET is given on Supporting Information in Tables SIII−SVI. The amplitude-weighted lifetime values for the donor only films range from 18.45 to 28.26 ns as the sample temperature is decreased from 300 to 30 K. As the donor only sample was cooled from room temperature to cryogenic temperatures (30 K), the photoluminescence decay curves were observed to possess a gentler slope, that is, the lifetime increased, which implies the inhibition of nonradiative recombination channels, due to the suppression of the phonon vibrations at cryogenic temperatures. The in-film PL intensity of the film donor and acceptor QDs as a function of temperature is also provided in the Supporting Information Figure S10 . In addition, we have compared the emission kinetics of the donor only film sample with the donor−acceptor hybrid film and observed a significant decrease in the lifetime of the donor QDs when in the presence of acceptors. In other words, the donor lifetime shortens as the donor transfers its excitation energy to an acceptor present in close proximity in the film. Another conclusion derived from the temperature-dependent lifetime measurements of the hybrid film is that, as the films are cooled to cryogenic temperatures, the nonradiative recombination channels are suppressed due to the suppression of the phononic vibrations. Therefore, the lifetime becomes longer as in the case of the donor only film. These results are shown in Supporting Information Figure S9 together with the temperature dependent lifetimes of the bare donor and hybrid film samples as insets, and are summarized in Supporting Information Table SI .
Using the modification of the donor lifetimes, the corresponding FRET efficiencies were calculated using
where τ DA is the lifetime of the donor in the presence of the acceptor and τ D is the lifetime of the donor alone. We observe ∼80% energy transfer efficiency (see Figure 5 , and Supporting Information Table SI), which is in good agreement with our theoretical model based on exciton−exciton interaction (details of the theoretical approach is also given in the Supporting Information). In our theoretical approach, which is derived from the simplest rate model, the donor lifetime in the presence of the acceptor is given by 
where R 0 is the Forster radius for the D−A pair and r is the separation distance for the D−A QD pair. 42 Supporting
Information Table SI presents the experimentally measured and theoretically calculated lifetimes for the donor and acceptor pair when the measurements are analyzed at both the donor and acceptor emission wavelengths. Here the average separation distance (r) between the D−A pair is ∼3.63 nm.
In the theoretical analysis, we consider the temperature dependence using a semiempirical approach by calculating the change in the lifetime of the donor/acceptor species as a function of temperature (see inset Figure S8 and the Supporting Information). This is a valid approximation since the experimentally observed FRET efficiencies do not change significantly with changing temperature. To determine the number of quantum dots within the film, the TEM size of the donor and acceptor quantum dots, as well as the exctinction coefficients, were used. The total number of particles is calculated to be 5.05 × 10 15 . Since the volume per unit particle is 2.77 × 10 −25 m 3 , in the film the particle-to-particle distance is found to be approximately 4.0 nm, which is less than the Forster radius and is also comparable to theoretically expected value of 3.63 nm. Also, the microtome TEM image of the film with a similar quantum dot loading shows the interparticle distance to be within the same distance range of <5 nm. Figure 6 shows the photoluminescence spectra of the donor only and acceptor only films, together with the hybrid donor− acceptor film at room temperature, all under the same conditions. Here, as a result of FRET, the donor emission is suppressed by ∼80% whereas the overall acceptor emission is increased by ∼30%, which is obtained from the hybrid emission spectra (fit to the donor−acceptor emission in a Gaussian profile, as shown in the inset of Figure 6 ). We have also compared the results of the time-resolved measurements with the room temperature steady-state measurements. The modification of the steady-state photoluminescence of the donor and acceptor matches well that of the room temperature time-resolved lifetime modifications (79% for the donor and 57% for the acceptor). This implies that the excitons transferred from the donor are mostly contributed to the nearby acceptors.
Finally, as a proof-of-concept demonstration of the standalone films, InP/ZnS QD films were placed over a blue LED platform for high-quality white light generation. Previously, Figure 5 . FRET efficiencies as a function of temperature: theoretical calculation (red circles) and experimental data (black squares). Figure 6 . Steady-state room-temperature photoluminescence spectra of the films of the donor only, the acceptor only, and the hybrid film. The inset shows the same steady-state room-temperature photoluminescence spectra of the donor only, the acceptor only, and the hybrid film where the hybrid emission is fit to the donor and acceptor emissions as Gaussian curves.
Nann and co-workers 25 used green-emitting phosphors along with red-emitting InP/ZnS quantum dots. In this work, we present a white LED (WLED) in which both the red and green color components are provided by the green-and red-emitting InP/ZnS QDs forming a bilayer film, as shown in the inset of Figure 7 , designed to result in high-photometric quality. Figure  7 shows the resulting emission spectra of the blue LED hybridized with the green−red emitting InP/ZnS quantum dot films and probed using a fiber coupled optical spectrum analyzer. The InGaN/GaN LED is driven at an electrical potential of 4.4 V. The white light generation using the excitation from the blue LED results in a color rendering index of 89.30 with a correlated color temperature of 2298 K and a luminous efficacy of optical radiation (LER) of 253.98 lm/W opt and hence produces high color rendering, high spectral efficiency, and warm white light. We have not observed any changes in the spectra of the device under nonstop operation for >6 h indicating that no thermal stability issue was present under the operating conditions employed for the operation of the LED. These results demonstrate that these proof-ofconcept WLED freestanding films are promising candidates for remote phosphor applications, potentially for high-temperature light engines.
In conclusion, we have demonstrated flexible, stand-alone films of InP/ZnS QD-polymer composites that were fabricated over very large areas of greater than 0.5 m × 0.5 m to enable high-end large-area optoelectronic applications. Here, as a potential next-generation light generation technology platform, we have also shown the use of these InP/ZnS QD films as remote color-converting nanophosphors for white LED applications. In these QD films, the theoretical results based on the exciton−exciton interaction model among the donor− acceptor QD pairs were also found to match well the experimental data. Given the ongoing extensive research efforts into large-area flexible electronics, the implementation of QDbased large-area systems is important for future large-area optoelectronic device applications including sensor arrays, solar conversion films, and large-area displays in addition to the surface-lighting platform demonstrated here. We believe that such very large-area Cd-free QD films, together with strong FRET processes that can be facilitated within them, open up new possibilities and hold great promise for innovative ecofriendly optoelectronics.
Methods. Colloidal Synthesis of InP/ZnS QDs. All reactions were performed under inert Ar atmosphere using a Schlenk line or glovebox. For the synthesis of the greenemitting donor InP/ZnS QDs, the procedure by Reiss and coworkers was followed. 24 In a typical one pot synthesis, 0.1 mmol indium myristate (prepared by dissolving indium acetate in myristic acid, In/MA: 1:4.3), 0.1 mmol zinc stearate, 0.1 mmol dodecanethiol, and 0.1 mmol tris(trimethylsilyl)-phosphine were dissolved in 8 mL of octadecene (ODE), mixed in a 3-necked 25 mL flask and evacuated at room temperature. The mixture was quickly heated to 300°C under Ar or N 2 flow, and the growth of the QDs occurred within 20 min. Longer heating times resulted in a red shift of the emission peak. However, to achieve the orange/red-emitting acceptor QDs, a modified procedure proposed by the group of Nann 25 was used. For the core InP QDs, 0.1 mmol indium chloride, 0.1 mmol stearic acid, 0.08 mmol zinc undecylenate, and 0.2 mmol hexadecylamine were dissolved in 3 mL of ODE and heated to 240°C under mixing in an inert atmosphere. At that temperature, the phosphor precursor (0.5 mL tris-(trimethylsilyl) phosphide dissolved in ODE, c = 0.2 mmol/ mL) was injected and cooled to room temperature after the core growth was established at 220°C for 20 min. For the shell growth, 0.3 mmol zinc undecylenate was mixed with the asprepared core QDs and evacuated well before heating. The solution was then heated up to 220°C and 1 mL of cyclohexyl isothiocyanate/ODE solution (c = 0.15 mmol/mL) was injected as the sulfur source followed by increasing the temperature to 240°C and growth for 20 min, which resulted in orange/red-emitting QDs.
Fabrication of Large-Area Freestanding Films. As-synthesized InP/ZnS QDs were cleaned using isopropanol, acetone, and methanol extraction to remove the excess organic ligands and the precipitated particles were dissolved in fresh hexane/ toluene.
Typically, 5 mL of PMMA A15 (MicroChem) is diluted with 5 mL of anisole and mixed with 4 mL of QDs in toluene with a Figure 7 . Electroluminescence spectra of a proof-of-concept white LED using an InP/ZnS QD film as the remote color-converting nanophosphors together with a blue LED chip (The bilayer film consisting of green and red QDs is shown in the inset). Also an exemplary device under operation is shown on the right. concentration of ca. 60 μM. The solution is stirred rigorously for 30 min, and the solution cleared from any air bubbles. Subsequently, 5 mL of this solution is drop-cast on a precleaned glass substrate with a ratio of 1 mL per 10 cm 2 of film. The glass substrate is placed on a smooth, uninclined plane to avoid nonuniformity of the film, and left for drying under controlled evaporation without the need for heating the substrate. Upon drying, the film is peeled off from the glass substrate, the thickness of the film prepared in this way being 65 μm. It is possible to tune the QD loading and thickness of the formed films by changing the ratio of the PMMA to anisole and the amount of QDs within the solution. The ease of peeling of the film was made possible because of the interaction of the ligand of the QDs, the myristic acid, with PMMA, thus providing a hydrophobic layer on the glass substrate that is readily peeled off. The contact angle measurements provided in the Supporting Information also confirmed that the resulting composite films were hydrophobic.
Preparation of the Microtome Slides for TEM Analysis. For the microtome cutting of cross sections of the InP/ZnS-PMMA film for the purpose of TEM analysis, a small amount of the film is put in the holder (capsules with a 5.6 mm O.D. and a pyramid tip, made from polyethylene) in which HistoResin (hardener) and Technovit 7100 were mixed in the ratio 1:15, respectively. The mixture is placed to one side for ∼2 h to become solid. A Leica EM UC6/EM FC6 Ultramicrotome operated at −100°C is used to slice the sample in thicknesses of up to ∼100 nm. TEM images of ultrathin (∼100 nm) sections of these films were recorded by FEI-Tecnai G2 F30 electron microscope operating at 300 kV.
Characterizations. A Cary 100 UV−vis, Cary Eclipse fluorescence spectrophotometer and Horiba Yvon Fluorolog were used for the optical characterizations of the QDs. The time-resolved fluorescence measurements were acquired with a Pico Quant Fluo Time 200 setup, TEM images were taken employing a FEI Tecnai G2 F30, and X-ray photoelectron spectroscopy (XPS) measurements using K-Alpha-Thermo. The mechanical characterizations were carried out with Instron 5969 MTS, the thermogravimetric analysis (TGA) was performed with a TGA Q500 (TA Instruments), the fluorescence microscopy images were taken using a Carl Zeiss Axio Scope upright microscope, and the contact angle measurements were taken with a Dataphysics OCA 15-EC.
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